parameter from real space to the order parameter space, and leading to a defi nition of the winding number ( integer n) , which determines the number of times that this mapping wraps the closed curve around the circle in the order parameter space. For example, uniform spins map to a single point on the circle, and therefore produce a winding number of zero, whereas concentric rings clearly wrap the order parameter space once, leading to n = 1. Note that here, 1 stipulates counter-clockwise, and -1 clockwise. These theories are important to understand why, for example, annihilation of topological defects occurs when defects with opposite winding numbers approach each other, as well as dislocations and disclinations, etc., although the reader is referred to the original Mermin work for more detail. [ 5 ] In condensed matter systems, topological structures are inherent to ferroic materials, i.e. materials with a spontaneous reversible ordering, such as magnetic materials, ferroelectrics and ferroelastic materials. Ferroics are used widely in sensors, actuators, information technology and other smart materials applications. [ 6, 7 ] Due to degeneracy in possible orientations of the order parameter upon cooling below the ferroic phase transition temperature, ferroic phases tend towards the formation of discrete domain structures. Adjacent domains are separated by naturally occurring planar topological defects called domain walls. Over the last few years they have been intensively investigated with respect to their inherent functional behavior in various studies involving ceramics, thin fi lms and single crystalline material. The fact that the electronic conductivity of domain walls in ferroelectrics and multiferroics can be utilized for nanoscale functional elements [ 8, 9 ] has spawned world-wide interest in exploiting novel domain wall-driven concepts in memory and spintronic applications. This has consequently led to the fi nding of unique properties associated with such topological structures. The understanding of these phenomena has progressed to a point where we can say that the physical properties of topological structures such as domain walls can be completely different from those of the parent bulk material phase. [ 10 ] Similar considerations regarding electronic conductivity apply to structural phase boundaries, [11] [12] [13] which might for example occur in materials exhibiting morphotropic phase boundaries, which includes multiferroic BiFeO 3 (BFO). [ 14 ] Although domain walls are the commonly understood concept of ferroic order, they are not the only way in which spatially Topological structures in multiferroic materials have recently received considerable attention because of their potential use as nanoscale functional elements. Their reduced size in conjunction with exotic arrangement of the ferroic order parameter and potential order parameter coupling allows for emergent and unexplored phenomena in condensed matter and functional materials systems. This will lead to exciting new fundamental discoveries as well as application concepts that exploit their response to external stimuli such as mechanical strain, electric and magnetic fi elds. In this review we capture the current development of this rapidly moving fi eld with specifi c emphasis on key achievements that have cast light on how such topological structures in multiferroic materials systems can be exploited for use in complex oxide nanoelectronics and spintronics.
In condensed matter systems, topological structures are inherent to ferroic materials, i.e. materials with a spontaneous reversible ordering, such as magnetic materials, ferroelectrics and ferroelastic materials. Ferroics are used widely in sensors, actuators, information technology and other smart materials applications. [ 6, 7 ] Due to degeneracy in possible orientations of the order parameter upon cooling below the ferroic phase transition temperature, ferroic phases tend towards the formation of discrete domain structures. Adjacent domains are separated by naturally occurring planar topological defects called domain walls. Over the last few years they have been intensively investigated with respect to their inherent functional behavior in various studies involving ceramics, thin fi lms and single crystalline material. The fact that the electronic conductivity of domain walls in ferroelectrics and multiferroics can be utilized for nanoscale functional elements [ 8, 9 ] has spawned world-wide interest in exploiting novel domain wall-driven concepts in memory and spintronic applications. This has consequently led to the fi nding of unique properties associated with such topological structures. The understanding of these phenomena has progressed to a point where we can say that the physical properties of topological structures such as domain walls can be completely different from those of the parent bulk material phase. [ 10 ] Similar considerations regarding electronic conductivity apply to structural phase boundaries, [11] [12] [13] which might for example occur in materials exhibiting morphotropic phase boundaries, which includes multiferroic BiFeO 3 (BFO). [ 14 ] Although domain walls are the commonly understood concept of ferroic order, they are not the only way in which spatially Topological structures in multiferroic materials have recently received considerable attention because of their potential use as nanoscale functional elements. Their reduced size in conjunction with exotic arrangement of the ferroic order parameter and potential order parameter coupling allows for emergent and unexplored phenomena in condensed matter and functional materials systems. This will lead to exciting new fundamental discoveries as well as application concepts that exploit their response to external stimuli such as mechanical strain, electric and magnetic fi elds. In this review we capture the current development of this rapidly moving fi eld with specifi c emphasis on key achievements that have cast light on how such topological structures in multiferroic materials systems can be exploited for use in complex oxide nanoelectronics and spintronics.
Introduction
Topological defects play important roles in nature. They are found in fi elds as diverse as cosmology, [ 1 ] particle physics, superfl uidity, liquid crystals, and metallurgy, manifesting themselves as e.g. screw/edge-dislocations in liquid crystals, [ 2 ] magnetic fl ux tubes in superconductors, [ 3 ] and vortices in superfl uids [ 4 ] etc.
The theory of topological defects, as applicable to condensed matter physics, dates back to the seminal work of Mermin in 1979 . [ 5 ] In a non-uniform ordered medium (i.e., media that can be described by a function f( r ) which assigns an order parameter to every point in that space), topological defects are those regions including points, lines and surfaces where the order parameter ceases to vary continuously, forming regions of lower dimensionality. At the same time, the possible values that the order parameter can take constitute the order parameter space. For example, the order parameter space for planar spins can be taken as a unit vector that can point in any direction in a plane, i.e., the space is a circle. This allows for mapping of a closed contour of the order wileyonlinelibrary.com REVIEW varying order parameters can be arranged. Alternatively, more complex patterns can develop in which the order parameter changes in different ways as described for example by the topological theory of defects in ordered media by Mermin. [ 5 ] When combined with local defects or singularities, the number of possible geometrical patterns that arise can be numerous, including vortex structures and skyrmions (see Figure 1 ). Which kind of ferroic micro-or nanostructure develops depends critically on the relative magnitudes of various energies associated with exchange, crystallographic anisotropy and adjacent surfaces. The physical dimensions of the specifi c material and its morphology are also important in determining the exact nature of the ferroic patterns that develop in equilibrium, which include fl ux-closure structures and other complex topological patterns such as periodic arrays of magnetic skyrmions, that can be observed by magnetic force microscopy. [ 15 ] Indeed, much of the initial excitement in ferroics with non-typical domain structures was spawned by ab initio calculations published in Nature by Naumov et al., [ 16 ] who predicted the emergence of a new ferro-toroidic order parameter in nanodots of a ferroelectric material, although the observation of such states has remained elusive. Nevertheless, manipulation and control of the physical properties of other topological structures has resulted in a fertile and rich playground for research.
An interesting example was shown by Spaldin et al. [ 17 ] where the authors discuss how scaling behavior analysis of the Kibble-Zurek theory of topological defect formation (one of the core principles used to describe topological defect evolution in cosmology) can be applied to the hexagonal manganites. They propose the family of multiferroic hexagonal magnanites, RMnO 3 (R = Sc, Y, Dy to Lu) as a model system for testing the Kibble-Zurek mechanism. Generally, the study and manipulation of topological defects in ferroics offers a novel nanoelectronics characterization platform for future nanotechnologies. [ 18 ] In this review, we have tried to cover recent advances and breakthroughs that have shaped the burgeoning fi eld. Note that for length, this review is limited to multiferroic materials. Recent advances in domain wall manipulation and device engineering in traditional ferroelectrics such as Pb(Zr,Ti)O 3 (PZT) are not discussed. The reader is referred to other reviews on these topics. [ 19, 20 ] 
Local Structure Investigations of Multiferroic Domain Walls
The rapid developments made in high-resolution transmission electron microscopy (HRTEM) and scanning probe microscopy (SPM) have made it possible now to not only image topological defects but also perform functional measurements at their length scale. Whilst the existence of topological effects has been known for a while, it is only the giant leaps and bounds made in these microscopy techniques in recent years that have afforded direct evidence of the functional nature of topological defects. [21] [22] [23] [24] [25] [26] [27] [28] In combination these allow for spatial mapping of functional properties with atomic (or near-atomic) precision. We briefl y outline two successful methods in HRTEM that have greatly contributed to the development of domain imaging in multiferroics. First is the technique of exit wave reconstruction, pioneered at Juelich by Jia et al. [ 22 ] 
REVIEW
showed direct quantifi cation of the distortion in the lattice due to a spontaneous-polarization induced displacement. [ 29 ] Jia and colleagues thus have completely changed the landscape in which HRTEM is considered. No longer is it just a structural characterization technique -it offers the possibility of imaging the local polarization dipoles at atomic resolution, thus quantitatively measuring the local polarization and investigating the domain structure. [ 30 ] In this method the effects of objectivelens spherical aberration are corrected such that the image can be considered as true projection of the atomic columns. As a result, the continuous deviation across the topological defect (in this case a domain wall) can be mapped as shown in Figure 2 . [ 31 ] 
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An alternate approach is the so called weak beam transmission electron microscopy (WBTEM) technique. WBTEM makes it possible to perform quantitative analysis of the thickness fringes that appear on weak beam images of inclined domain walls. Fitting simulated fringe profi les to experimental ones gives the thickness of multiferroic domain walls.
Furthermore aberration corrected scanning TEM studies have also been able to map how the polarization vector varies around a dislocation core. [ 24 ] This is a fascinating example of how a structural topological defect (the dislocation) is intimately linked with the order parameter (polarization). Elemental and electronic structure analysis by electron-energy-loss spectroscopy (EELS) has also been applied to the study of domain walls. [32] [33] [34] Nevertheless one must always bear in mind that TEM samples are very thin (typically a few tens of nm). We do not know yet how the mechanical and local electrostatic boundary conditions affect surface pinning of the domain walls. Although current state-of-the-art techniques permit atomic scale resolution at 0.5Å, the atomic displacements across a typical wall are on the order of 0.02 nm. This means direct imaging and interpretation must still not be subject to over-interpretation.
Conductivity at Multiferroic Domain Walls
It could be stated without reservation that the many variants of SPM (e.g. conductive atomic force microscopy -c-AFM, piezoresponse force microscopy -PFM) play a large and crucial role in the direct manipulation and characterization of topological defect structures on the nanoscale, including multiferroic domain walls. [ 35 ] The proximal probe nature of c-AFM means it can probe local conductivity at interfaces and topological defects without destroying the sample. In the same vein PFM has been further developed to include dynamic characterization of the switching process utilizing developments such as stroboscopic PFM and PFM spectroscopy, and has included for example instances of studying the effect of a single wall on switching [ 36 ] and nonlinear piezoelectric [ 37 ] dynamics. [38] [39] [40] [41] Domain wall conductivity has garnered immense interest from a functional perspective due potential non-volatile memory applications and electroresistive memory devices. [ 42 ] The presence of extended defects and oxygen vacancy accumulation has also been shown to infl uence transport and nucleation mechanisms at domain walls. [ 31, 43, 44 ] SPM techniques are one of the few techniques that allow us to gain local access to the processes that underpin the phenomena above. For example, the combination of local electromechanical and conductivity measurements revealed a connection between local current and pinning at bicrystal grain boundaries in bismuth ferrite. [ 45 ] This is mirrored in excitement by recent advances in the SPM-based characterization of ionic transport (for example oxygen) as well as oxygen vacancy movement in materials such as battery materials and electrodes. [46] [47] [48] [49] The presence of extended defects and oxygen vacancies indeed can convolute the SPM signal which makes the identifi cation of polarization mediated transport mechanisms diffi cult.
These advances in c-AFM and PFM are complemented by scanning tunnelling microscopy (STM) based measurements. STM can be used to probe directly the electronic structure at nanometer length scales; however it works only for conducting samples. In other words high-quality ferroelectric fi lms with very low resistive leakage were typically not optimal for STMbased measurements. However the recent emergence of combined AFM/STM or SEM/STM systems have made it possible to map the electronic properties of domain walls in semi-insulating ferroelectric materials and heterostructures. Investigations using such combined tools have been demonstrated and include measurements on BFO domain walls. [50] [51] [52] [53] 
Origins of Domain Wall Conductivity
The changes in structure (and as a consequence electronic structure) that occurs at ferroelectric (multiferroic) domain walls [ 33 ] can lead to changes in transport behaviour ( Figure 3 ). It is interesting that the original predictions of conduction at charged ferroelectric domain walls date back to Guro et al., [ 54 ] where it was argued that the charge at the wall would result in accumulation or depletion of carriers, leading to large changes in carrier concentration and subsequent change in conductivity. Indeed, domain wall conductivity itself is shown to have varying transport behaviour and origins depending on the multiferroic in which the wall exists and the detailed synthesis method used to grow the materials. The domain walls of BFO were found to be more conductive than the domains, [ 55, 56 ] On the other hand those in YMnO 3 were found to be more insulating or conductive depending on their orientation (see Figure 4 ). [ 57, 58 ] We highlight that the ferroelectricity itself is fundamentally different between these two well-studied multiferroic candidates. 
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Multiferroic YMnO 3 is a so-called improper ferroelectric, in which ferroelectricity is not the primary order parameter but rather induced by structural trimerization coexisting with magnetism. Here, the domain walls are found to be charged and stable and their conductivity depends on the specifi c orientation of the domain wall with respect to the polarization vector.
One considered contribution to domain wall conductivity is that the domain wall itself has a lower band gap. Density functional theory (DFT) investigations by Lubk et al. and others investigated theoretically the electronic structure of domain walls in bismuth ferrite [59] [60] [61] These computational models fi nd that the domain walls have a signifi cantly reduced band gap compared to the R 3 c bulk structure. At the walls the lattice changes to approach the ideal cubic structure, in which the 180° Fe-O-Fe bond angle maximize the Fe 3 d -O 2 p hybridization and hence the bandwidth of the material. Note that in no case does the band gap approach zero in the wall region. [ 31 ] In addition, the same DFT calculations also revealed steps in the electrostatic potential for all domain wall types. Such steps which are correlated with (and caused by) small changes in the component of the polarization normal to the wall, also contribute to the electronic conductivity. [ 62 ] These changes in normal polarization are a consequence of the specifi c rotation of the polar vector across the domain wall, and are also found in other materials. [ 63 ] More recently, Bellaiche et al. show how that strain-engineering of domain wall functionalities can be exploited. [ 64 ] A second factor that may contribute to domain wall conductivity is the fl exoelectric coupling and inhomogeneous strain across the domain walls. Thermodynamic theory by Morozovska and colleagues has been used to investigate charged and uncharged domain walls in both uniaxial and multiaxial multoferroics. [65] [66] [67] They show that in uncharged domain walls for the case of BFO the fl exoelectric coupling between the two varying order parameter drives the formation of the electrostatic potential step at the domain wall, whilst the change in bandgap is due to the deformation potential from inhomogeneous strain variations across the interface. They also show angle-dependency of the fl exoelectric and electrostrictive mechanisms in circular domains of BFO. This was observed experimentally by Vasudevan et al. [ 68 ] where they show a dependence of conductivity of domain walls in BFO not only on orientation but also on curvature of the wall. In this work the authors image domain walls that are curved and likely charged, see Figure 5 . A modulation of current, greater than 200% was achieved through I−V measurements along a charged, curved domain wall, while a variation of 500% was observed in c-AFM measurements in UHV conditions. These results were explained by Morozovska et A colour scale is used to represent the electrical conductance and the associated hole density (white, high; dark brown, low). Reproduced with permission. [ 58 ] Copyright 2012, Nature Publishing Group. domain wall around the ring structure. This would then lead to charged domain walls and hence signifi cant (3 orders of magnitude) differences in carrier accumulation at the domain wall can be expected. [ 66 ] A parallel model put forward by Noheda et al. is based on the idea that the conductivity is controlled by oxygen vacancies. [ 55 ] Similarly, the observation of tunable electronic conductivity at domain walls in La-doped BFO was linked to oxygen vacancy concentration ( Figure 6 ). [ 43 ] One advantage of thin fi lm oxide epitaxy is that growth conditions can be easily tuned to produce varying amounts of vacancies within the ordered stripe domain patterns. [ 69 ] The conductivity at 109° walls in such BFO samples was shown to be thermally activated with activation energies of 0.24 to 0.5 eV.
Indeed intentional defect accumulation at domain walls has recently evolved as a potent method to tailor the electronic structure at walls. This is demonstrated by a variety of methods, including conventional chemical doping and strain-driven diffusion in ferroelectric and ferroeleastic oxides. The idea of walls within walls is based on the concept of topological defects that can be precisely positioned within walls; [ 70 ] this provides an unprecedented technique to engineer functionality with precise control at the nanoscale. From a broader perspective, such approaches make it possible to induce an insulator-metal transition locally within the confi nes of the domain wall. We already know that through careful design of the level of dopant interaction, one can tune at will the electronic structure, the state of strain and chemical effects at the domain wall. For example by A-site doping with Ca [71] [72] [73] we already know the dipolar interactions can be modifi ed to introduce varying amounts of oxygen vacancies which alters the electronic conductivity of BFO and can even provide a transition from n-type to p-type conduction. [ 72 ] On the horizon is the so far little explored option of magnetic B-site substitution such as Cu, Co or Ni for BFO. This might prove to be a viable way 
to achieve new domain wall properties by manipulating both the spin-lattice as well as strain-lattice couplings leading the way to "magnetoelectric domain walls" by combining electronic conduction with electric and magnetic degrees of freedom. [74] [75] [76] 
Light Interaction with Multiferroic Domain Walls
In 2010 it was shown that BFO exhibits an anomalous photovoltaic effect in thin fi lms that arises due to a topological defect -namely, structurally driven steps of the electrostatic potential at nanometer-scale domain walls. [77] [78] [79] The mechanism for charge-separation in domain wall driven photovoltaic effect is fundamentally different for the conventional solidstate photovoltaics, where electron-hole pairs are created by light absorption in a semiconductor and separated by the electric fi eld spanning a micrometer-thick depletion region. In the case of domain walls the relevant distance can be only a few (1-2) nm and the voltages produced are signifi cantly higher than the bandgap. c-AFM studies performed under illumination have found that the high photovoltages to be associated with 71° and 109° domain walls in BFO. [ 77 ] Yang et al. postulate that the nanoscale steps of the electrostatic potential (created by periodic domain walls) drive the photovoltaic effect in BFO. Recent results from Alexe et al. give an alternate point of view where they argue the effect stems from a bulk effect. [ 80 ] Clearly this is an area where further studies are needed. For example, recently Rappe et al. proposed [ 81 ] similar domain-wall-based photovoltaic effects in organic perovskites. The key advantage of engineering a ferroic material where a domain-wall driven photovoltaic effect is dominant is the ability to modulate the strength of the effect via the application of an electric fi eld. Clearly, electric-fi eld control of the photovoltaic effect in ferroelectrics is an area of rising interest and one that we expect to enrapture the community.
The key challenge in this fi eld is the overall conductivity of the ferroelectric material. Ironically, while leakage undermines the use of a ferroelectric signifi cantly in ferroelectric memory and electromechanical applications, low band-gap ferroelectrics have found to be very successful as photo-ferroelectrics with some of the highest conversion effi ciencies reported. [ 82, 83 ] What the community needs to engineer is effective methods that would increase the carrier mobility and/or induce a spatially periodic potential without compromising the innate ferroelectric properties. For example, creating localised materials with a lower gap than BFO are possible routes to achieve larger current densities under white light illumination, and more generally, they would demonstrate what the source of periodic potential and the PV current fl ow can be in different materials. However since the matrix is still with relatively high band gap it would mean the leakage and related reliability issues would not severely affect ferroelectric performance. An alternate approach is low band-gap ferroelectric semiconductors with asymmetric electron and hole mobilities for dedicated use as photovoltaic materials. In addition, photoelectrochemic effects at domain walls are a possible further interesting route, e.g. for applications in water splitting. [ 84, 85 ] 
Local Density of States at Multiferroic Domain Walls
STM and Scanning Tunneling Spectroscopy (STS) measurements in cross-sectional samples have been used to directly investigate the nature of the local electronic conductivity at ferroelectric domain walls in multiferroic BFO. [ 53 ] Samples with engineered stripe domain array were used in order to simplify the location of a single wall in the STM setup for local spectroscopy. It was found that in-situ cleaved samples with ordered stripe arrays show decreases of the bandgap at the domain boundaries ( Figure 7 ). In addition, a shift towards the Fermi level in the band edges of 109° and 71° domain walls have been observed. The demonstrated approach in this work serves as a model technique to investigate and understand electronic structure at complex oxide interfaces, although it is obviously limited to materials with relatively small bandgaps. Adapted with permission. [ 53 ] wileyonlinelibrary.com
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Magnetic Properties of Multiferroic Domain Walls
An important aspect of the multiferroic domain walls in BFO concerns their true state of magnetism. Temperature-dependent transport measurements have been performed and are a possible route to follow to understand the actual spin structure and whether it exhibits a glasslike or ordered ferromagnetic state. [86] [87] [88] Of additional interest is the effect of extra carriers introduced into the system, e.g., by doping or electric gating, on magnetism. This includes doping with magnetic ions like Co or Ni. Is there a way to change the magnetic interaction from superexchange to double exchange in BFO, perhaps exclusively at the walls? The strength of the coupling between the ferroelectric and antiferromagnetic walls in BFO is an issue that still needs to be resolved from both a theoretical and an experimental perspective. The role of the dimensionality on electrical and magnetoelectrical transport needs to be elucidated and put into perspective with regard to known systems, such as manganites. [ 89, 90 ] Recently, a notable magnetoelectric effect has been observed due to the coexistence of different spiral-spin domains and the motion of the multiferroic domain walls in DyMnO 3 . [ 91, 92 ] The interaction between ferroelectric and antiferromagnetic domain walls has been studied in model multiferroics such as YMnO 3 [ 93 ] and BFO. [ 94 ] Magnetic force microscopy of hexagonal manganites reveal fi nite magnetic moments at the walls in an otherwise antiferromagnetic matrix. [ 95 ] In both cases it has been shown that the antiferromagnetic domain walls are signifi cantly wider (by ∼1-2 orders of magnitude) compared to the ferroelectric walls. This is also in agreement with the phenomenological predictions of Daraktchiev et al. for orderparameter coupling-mediated wall broadening. [ 96 ] In addition to bismuth ferrite, the properties of multiferroic domain walls have also been studied in the hexagonal rare-earth manganites, such as YMnO 3 [ 97 ] and ErMnO 3 . [ 98, 99 ] In these systems, the ferroelectricity is improper, arising from a structural distortion called trimerization, and results in the formation of charged domain walls along with vortex networks consisting of junctions between antiphase domain boundaries. [100] [101] [102] A signifi cant body of literature on this topic, on both the theoretical [ 97, [103] [104] [105] [106] [107] [108] and experimental [ 58, 107, [109] [110] [111] aspects, has been building on this topic for the past decade, due to advances in both fi rst principles theory as well as in experimental setups that are capable of exploring the magnetic interactions in single crystal samples at cryogenic temperatures (T N ∼ <120K for most rare-earth hexagonal manganites).
In order to study the cross-coupling between the ferroic orders, magnetic force microscopy (MFM) combined with piezoresponse force microscopy can offer tantalizing glimpses to the multiferroic nature of the topological defects in these systems. Wu et al. [ 112 ] have explored the vortex antivortex network of topological defects that arise on the surface of ErMnO 3 through this method, with the results shown in Figure 8 . The PFM image clearly shows the interlocked structural phases which meet at a domain junction (a vortex core). Previous studies have shown that the domain walls in YMnO 3 can be more insulating than the bulk domains, [ 57 ] and studies of domain walls in HoMnO 3 suggest the presence of an out of plane polarization at the domain walls. [ 113 ] MFM, which is sensitive to the local magnetic moment, undertaken at the same region as the PFM image at 5.5K (Figure 8 (b) ), shows clear contrast and inversions across the different domain walls, which were suggested to be due to uncompensated Er 3+ spins across the walls in this case. 
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Interestingly, the magnetism appears to be correlated, at least across micron length scales (Figure 8 (c,d) ), suggesting a new route towards harnessing magnetoelectric coupling for nanoelectronic applications. Very recently, Geng et al. [ 114 ] have shown the potential to map the magnetoelectric coupling with nanoscale resolution in these systems directly, via detection of the electric fi eld-induced magnetization in a technique they term magnetoelectric force microscopy, and found evidence for lattice-mediated magnetoelectric coupling in ErMnO 3 . The application of these techniques to other ferroic systems (e..g, nanodots) promises to shed new light on magnetoelectric coupling at topological defects, and is especially pertinent as the structures fi rst predicted to exhibit novel forms of ferroic order by Naumov et al. [ 115 ] are now beginning to be synthesized. [ 116, 117 ] 
Multiferroic Vortex Structures
The investigation of topological structures beyond the previously described domain walls are also a new exciting area of research. Ferroelectric nanowires have been shown to contain e.g. switchable quadrupoles ( Figure 9 a) which makes them interesting for nano-device applications. [ 118 ] Such vortex structures are currently a very active area of research. From thermodynamic considerations, vortex structures are only expected in limited cases in nanoscale systems when charge screening is poor, as the depolarization fi eld dominates the elastic energy cost of the disclination center formed from adopting a vortex pattern, rendering the vortex stable. However, in thin fi lms, such (meta-stable) states can still be formed via direct writing of the four quadrants with an SPM tip. The use of scanning probe microscopy to 'write' specifi c domain topologies was further developed by Vasudevan et al. [ 119 ] using pulsed fi elds from the scanning probe tip specifi cally at BFO domain walls (Figure 9 b) . Indeed, the vortex cores in BFO have been demonstrated to be dynamic conductors controlled by the coupled response of polarization and electron-mobile-vacancy subsystems with external bias (Figure 9 c) , and are apparently substantially more conductive than domain walls. [ 120 ] Indeed, a range of interesting dipole patterns surrounding domain wall junctions was investigated with close views on intersections or vertices at a very fi ne scale using AFM tips. The ability to create new topological structures, rather than just observing their properties holds promise for future investigations. Moreover, the elastic properties of such cores has yet to be determined, along with whether such states can be moved by fi elds as whole entities, similar to domain walls, which could be critical for future device applications as movable 2D nanowires.
Nelson et al., in their work on cross-sections of BFO fi lms, show that the details of the domain patterns that form close to interfaces are dependent on whether or not the interfaces concerned sustain charge compensation. [ 121 ] At metallic interfaces stripe domains formed while at insulating interfaces small triangular domains were observed. This study shows that the local dipole orientations at non-compensating junctions reduce depolarizing fi elds and it also exemplifi es the involvement of regions of continuous polar rotations (which, until recently, had not been observed directly in ferroelectrics).
More recently, there has been a push to investigate and actively control the properties of charged domain walls in standard ferroelectrics, given that they can act as mobile 'doping centers'. To date, two main methods have been utilized. For BaTiO 3 crystals, Sluka et al. [ 122 ] showed that through a 'frustrated poling' procedure during cooling of the crystal, it becomes possible to form head-head and tail-tail domain patterns. Subsequent investigations of these charged walls revealed a very large (10 9 ) increase in the conductivity of the walls when compared to the bulk domains, which was reasoned to originate from carriers generated through band-bending at the interfaces. More recently, the group of Nava Setter showed that in (Bi 0.9 La 0.1 )FeO 3 (BLFO), by growing the fi lms on orthrohombic substrates to restrict the possible polarization variants and subsequently using the local fi eld of a scanning probe tip, rows of charged domain walls with increased conductivity could be generated, thus utilizing polarization charge as a quasi-dopant in the system. [ 123 ] These walls showed metalliclike conductivity, as opposed to thermally activated transport at nominally uncharged walls. The situation is similar to the discovery of tunable conductivity in ferroelectric nanodomains by Maksymovych et al. [ 124 ] Such studies show the promise of using charged walls to initiate local metal-insulator transitions at nanoscopic regimes in a reconfi gurable manner.
Of course, proper understanding requires determining the actual atomic scale structure at the topological defect of interest, so the structure-property relation can be elucidated. For the Figure 9 . Vortex-like states can be created by direct writing using a SPM tip to create a) 'vortex quadrupole' chains, [ 145 ] b) 'center' domain patterns, [ 119 ] and c) enhanced conductivity has been observed at the core of fl ux closure domain patterns [ 120 ] in BFO. Adapted with permission from refs. [119, 120] Advances in electron microscopy have facilitated the imaging of both vortex and antivortex topological defects with atomic resolution ( Figure 10 ). [ 100, 125 ] These studies have shown that the antivortex core consists of about four unit cells in YMnO 3 , and the atomic structure confi rms the presence of changed walls around the core. The ferroelectric switching at the defect has also been investigated using in-situ STEM methods, with results showing that while the vortex core remains immobile, during switching each of the three pairs of domains switch partners in what is termed by the authors as "topologically guided partner changing". These studies confi rm the nature of the defect in terms of structure, and further in-situ electron microscopy studies promise much greater structure-property relations, e.g. in determining magnetoelectric coupling at isolated defects.
Multiferroic Skyrmion Systems
Given the fact that strain and magnetization are only very weakly coupled in ferromagnetic systems (as compared to most ferroelectric/ferroelastic systems), it is unsurprising that there are a plethora of interesting topological defects present in these systems. For example, more complicated spin order in magnetic materials is often stabilized in noncentrosymmetric crystal lattices due to the existence of the Dzyaloshinsky-Moriya (DM) interaction. Recently, the formation of novel whirl-like spin textures called skyrmions on length scales of 10 to 100 nm has been observed in chiral magnets. [ 126, 127 ] The term skyrmion was originally introduced by Skyrme as a model in nuclear physics to describe a localized, particle-like, confi guration in fi eld theory. [ 128 ] The typical two-dimensional spin texture corresponding to a single skyrmion is shown in Figure 11 a. This spin texture is characterized by a so-called winding number and topologically stable. After several theoretical proposals the experimental observation of magnetic skyrmions was fi rst reported for metallic alloys such as MnSi, FeGe, and Fe x Co 1-x Si by neutron scattering, by Lorentz transmission electron microscopy (LTEM), and magnetic force microscopy (MFM). [ 15 ] Interestingly, skyrmions have recently been observed in an insulating multiferroic material, namely Cu 2 OSeO 3 by Seki et al. [ 129 ] The application of magnetic fi eld H leads to formation of a hexagonal lattice of skyrmions within a plane normal to H in this material only in a narrow H-T region just below [ 125 ] ( Tc. In thin fi lms it is stabilized over a wider H-T range. Similar magnetic phase diagrams have also been reported for the metallic alloys that show skyrmions. The skyrmion spin texture in Cu 2 OSeO 3 can lead to spin-driven electric polarization, indicating magnetoelectric coupling in this material. Figure 11 d-f shows the magnetic fi eld dependence of magnetization, ac magnetic susceptibility, and electric polarization along the [111] for bulk Cu 2 OSeO 3 . When the hexagonal skyrmion lattice is formed in the material with a small applied magnetic fi eld, the system can become polar along the magnetic fi eld direction. The local magnetoelectric coupling in this case leads to skyrmions carrying an electric dipole or quadrupole. [ 130 ] For single skyrmions existing in a ferromagnetic background close to the ferromagnetic state of the material, such a magnetoelectric skyrmion can be moved and manipulated by the spatial gradient of an electric fi eld. Thus, magnetoelectric skyrmions may contribute to the design of novel low-dissipation spintronic devices.
Several studies to manipulate skyrmions in insulators by electric fi eld have already been presented. [ 131 ] Small angle neutron scattering experiments show that the application of electric fi elds can cause a slight rotation of the skyrmion crystal. [ 131 ] The hexagonal skyrmion crystal also shows unique magnetic resonance properties under an oscillating magnetic fi eld in the GHz range. [ 132, 133 ] Local magnetoelectric coupling allows for the activation of these excitations also by alternating electric fi elds (i.e. electromagnon excitation). [ 134, 135 ] For a full review that focuses on spin-driven ferroelectricity we refer the reader to recent review by Tokura et al [ 138 ] 
Outlook
Topological structures in multiferroics, namely domain walls, vortices and skyrmions form an exciting and growing fi eld of interest in functional materials. The fi eld has seen rapid developments; nevertheless there are many remaining questions and new areas to be explored. Firstly, what are the theoretical principles governing topological defect stuctures? Spaldin and co-workers have recently looked into the Landau theory of topological defects, particularly in hexagonal manganites. [ 106 ] Similarly, using a hybrid approach, L. Q. Chen et al have investigated the hierarchies of the wall energies in BFO and link the energies in particular domain walls to the twist in the oxygen Figure 11 . Skyrmions in multiferroic Cu 2 OSeO 3 after Seki et al. [ 129 ] (a) schematic vector representation of single skyrmion, (b) and (c) lateral magnetization distribution map for the (110) plane of a thin-fi lm (∼100 nm thick) sample of Cu 2 OSeO 3 by Lorentz-TEM at 5K, H ∼ 800 Oe (white arrows represent the magnetization, color wheel shows the direction (hue) and magnitude (brightness) of the lateral magnetization. (d) to(f) magnetic fi eld (H ʈ [111] ) dependence of magnetizationM, ac magnetic susceptibility (χ'), and [111] component of electric polarization (P [111] ) at 57 K. Red dashed line is the numerical fi t for the single-domain helimagnetic state. Lett. f, h, h', and s denote ferrimagnetic, helimagnetic (single q domain), helimagnetic (multiple q domains), and skyrmion crystal states, respectively. Adapted with permission. [ 129 ] octahedral rotations. [ 133 ] From an experimentalists' perspective, a predictive theory, which identifi es the boundary conditions under which topological structures can be created at will would be immensely powerful.
The investigation of dynamic conductivity at domain walls is an exciting aspect, [ 134 ] which is linked to factors such as possible electric-fi eld induced distortion of the polarization structure at the domain wall, the dependence of conductivity on the degree of distortion and how weak-pinning scenarios affect the domain wall. The domain wall is very likely not a rigid electronic conductor but rather one that posseses a quasicontinuous spectrum of voltage-tunable electronic states. This would give the domain wall memristor properties in contrast to domains, which were shown to exhibit concrete conductance levels. [ 31 ] The intrinsic dynamics of domain walls and other topological defects are expected not only to infl uence future theoretical and experimental interpretations of the electronic phenomena, but also pose a possibility to fi nd unique properties of multiferroic domain walls, e.g. magnetization and magnetoresistance within an insulating antiferromagnetic matrix, infl uenced by order parameter coupling and localized secondary order parameters. [ 10, 139 ] The observation of superconductivity in ferroelastic walls of WO 3 is an indication of various exciting and unexplored areas of domain boundary physics. [ 135 ] The tantalizing opportunity of being able to controllably induce electronic phase transitions within the wall due to specifi c physical interactions would give rise to "designer domain wall electronics". Indeed we stand at a threshold of a new era where domain-wall based phenomena will underpin a plethora of applications [ 9 ] such as a local strain sensor incorporated on an AFM probe, reconfi gurable nanocircuits or a multilevel resistance-state device that is written by an electrical current, [ 136 ] nonvolatile memories, piezoelectric actuators, ultrasound transducers, surface acoustic wave devices and optical applications and nanoscale magneto-electric applications. [ 93, 96, 137, 138 ] Although initially the excitement around topological defects in ferroic systems stemmed from the prediction of ferrotoroidic phase transitions in ferroelectric nanodots, which have thus far not actually been seen, the fi eld has rapidly spread to determining the local functional properties of other topological defects in both mesoscopic and macroscopic systems, both intrinsic and engineered. The controlled generation and manipulation of topological defects by strain and elecric fi elds promises to be a continued playground for exploring novel physics at singularities and interfaces, and will continue to do so with advances in both scanning probe and electron microscopies allow functional properties and polarization vectors to be mapped at the single unit cell level.
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